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ARTICLE INFO ABSTRACT
Keywords: Introduction: The hippocampus plays a significant role in learning, memory encoding, and spatial
Functional magnetic resonance imaging (fMRI) navigation. Typically, the hippocampus is investigated as a whole region of interest. However,

Resting state functional magnetic resonance
imaging (rsfMRI)
Functional connectivity

recent work has developed fully detailed atlases based on cytoarchitecture properties of brain
regions, and the hippocampus has been sub-divided into seven sub-areas that have structural
Hippocampus differences in terms of distinct numbers of cells, neurons, and other structural and chemical
Gender differences properties. Moreover, gender differences are of increasing concern in neuroscience research.
Hippocampal sub-fields Several neuroscience studies have found structural and functional variations between the brain
regions of females and males, and the hippocampus is one of these regions.

Aim: The aim of this study to explore whether the cytoarchitecturally distinct sub-regions of the
hippocampus have varying patterns of functional connectivity with different networks of the
brain and how these functional connections differ in terms of gender differences.

Method: This study investigated 200 healthy participants using seed-based resting-state functional
magnetic resonance imaging (rsfMRI). The primary aim of this study was to explore the resting
connectivity and gender distinctions associated with specific sub-regions of the hippocampus and
their relationship with major functional brain networks.

Results: The findings revealed that the majority of the seven hippocampal sub-regions displayed
functional connections with key brain networks, and distinct patterns of functional connectivity
were observed between the hippocampal sub-regions and various functional networks within the
brain. Notably, the default and visual networks exhibited the most consistent functional con-
nections. Additionally, gender-based analysis highlighted evident functional resemblances and
disparities, particularly concerning the anterior section of the hippocampus.

Conclusion: This study highlighted the functional connectivity patterns and involvement of the
hippocampal sub-regions in major brain functional networks, indicating that the hippocampus
should be investigated as a region of multiple distinct functions and should always be examined as
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sub-regions of interest. The results also revealed clear gender differences in functional
connectivity.

1. Introduction

The hippocampus is among the most vital and intricate brain areas, participating in numerous brain functions such as learning,
memory encoding, memory consolidation, and spatial navigation. It is also associated with various neurological disorders, with several
neuropsychiatric diseases including Alzheimer’s disease (AD), epilepsy, depression, and dementia affecting the hippocampus as the
primary and most impacted structure in the brain [1-5]. Functional MRI (fMRI) is an advanced MRI technique that enables the ex-
amination of the function of brain regions, including the hippocampus, while an individual performs a task or is at rest. The fMRI signal
relies on blood oxygen level-dependent contrast (BOLD) [6,7].

fMRI can provide a great understanding of segregation and integration of brain regions caused by sensory stimulus, cognitive and
other task related functions [7,8]. As a result, it allows the study of how the healthy brain functions, how various disorders impact it,
how it strives to recover after damage, and how medications can control activity or post-damage recovery [9-11]. fMRI has become the
most widely used technology in neuroscience [12]. For example, resting-state functional magnetic resonance (rsfMRI) can be used as a
useful tool for the study of abnormal patterns of brain connectivity at rest in patients with Parkinson’s disease, multiple sclerosis, and
obsessive-compulsive disorder [13-15]. Other examples of using fMRI include understanding the physiology and functions of the
human brain in healthy subjects [16].

Using rsfMRY, it has been reported that the hippocampus is involved in a resting state network, known as the default mode network
[17]. However, it remains unclear how the hippocampus is functionally connected to different rsfMRI networks and whether its
sub-regions have non significant connection or similar connections, as this has not been fully investigated. For example, in a recent
study, a more advanced analysis was carried out to investigate five sub-regions of the hippocampus: CA1, CA3, CA4, Dentate Gyrus
(DG), and the subiculum (SUB) [18]. It was found that these five sub-regions primarily connect to two different resting-state networks.
The somatomotor network is related more to the CA1, CA3, and CA4/DG sub-fields and less to the SUB. On the other hand, the default
mode network is more strongly associated with the SUB and CA4/DG sub-fields and less to the CA1 and CA3. In recent years, research
has shown that different hippocampal sub-fields exhibit varying degrees of functional connectivity (FC) to specific brain networks,
such as the default mode network (DMN), frontoparietal network (FPN), visual network, and sensorimotor network [19-21]. For
instance, FPN demonstrates a smaller spatial extent of significant FC with hippocampal sub-fields compared to the visual network,
sensorimotor network, and DMN [20]. Additionally, certain hippocampal sub-regions show stronger functional connections to the
DMN, while others exhibit stronger connectivity to the visual network [20].

Furthermore, neuroscientists are increasingly concerned with gender differences in various aspects [22,23]. Several neuroscience
studies have found structural and functional differences between the brains of females and males, which may contribute to gender
disparities in behavior and cognition [24,25]. In terms of gender differences in the anatomical structure of the hippocampus, it has
been confirmed that males have a larger presubiculum, fimbria, hippocampal fissure, and parasubiculum, while females have a larger
hippocampal tail [26]. This study also showed that there were no gender differences in the CA2/3, CA4, HATA, or GCDG sub-fields.
Additionally, some studies have identified that females had more extensive functional connectivity than males, especially in the
prefrontal cortex, hippocampus, and amygdala when involved in emotional processing [27,28]. Other studies have reported lower
functional connectivity and higher node efficiency in the hippocampus and parahippocampus of males [29]. It has been indicated that
females have higher functional connectivity than males in the ventral precuneus and other regions of the default mode network [30].

As mentioned in the previous studies, the hippocampus is an area of interest for investigating its connections to different brain
networks, as well as gender differences. Recently, a new study has developed fully detailed anatomical atlases based on the
cytoarchitecture properties of brain regions, and sub-divided the hippocampus into sub-areas that vary in terms of the number of cells,
neurons, and other chemical properties [31-33]. The sub-divided hippocampal regions include seven distinct structural sub-regions,
consisting of four cornu ammonis regions (CA1-4), the dentate gyrus (DG), the subiculum (SUB), the entorhinal cortex (EC), and the
hippocampal-amygdaloid transition (HATA).

Based on these factors, the sub-divisions of the hippocampus based on cytoarchitecture properties as well as the gender differences
in terms of functional connectivity, this study aims to explore the functional connectivity of 7 hippocampal sub-regions using a priori
defined cytoarchitecture atlas [31-33] with major brain rsfMRI networks and investigate how these functional connections differ
based on gender differences. We hypothesize that the degree of functional connectivity between the 7 hippocampal sub-regions and the
8 major brain networks will differ depending on the sub-region, and that sub-region-specific differences in connectivity will differ by
gender, such that females exhibit stronger functional connectivity between certain sub-regions and brain networks compared to males.

2. Materials and methods
2.1. Participants
The study included 200 healthy volunteer subjects, 100 male and 100 female, who were age-matched university students and right-

handed, with no neurological or psychiatric disorders. The mean (+SD) age was 20.9 + 1.5 (range: 18-24) years for males and 20.8 +
1.3 (range: 18-24) years for females. The data used in the study was obtained from an open-access dataset collected and downloaded
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from the NeuroImaging Tools & Resources Collaboratory, based on the Wakayama data study [34]. For more information, please visit
the website at https://www.nitrc.org/projects/wakayama_psyrs.

2.2. MRI data acquisition

All participants underwent MRI acquisition on a weekday afternoon from 1 p.m. to 5 p.m. A 3 T MRI scanner (PHILIPS, the
Netherlands) with a 32-channel head coil (SENSE-Head-32CH) was used to scan the subjects. T1-weighted images were obtained using
the following parameters: TR = 6.9 ms, TE = 3.3 ms, FOV = 256 mm, matrix scan = 256, slice thickness = 1.0 mm, and flip angle = 10°.
Functional images were obtained using the following parameters: TR = 3000 ms, TE = 30 ms, FOV = 192 mm, matrix scan = 64, slice
thickness = 3.0 mm, and flip angle = 80°, resulting in 107 vol

2.3. MRI data preprocessing

The preprocessing of rsfMRI data was achieved using Statistical Parametric Map (SPM12) and CONN [33,35].The preprocessing
steps aimed to remove artifacts and ensure that the model assumptions were accurately tested. Volume-based preprocessing steps for
rsfMRI included realignment, slice-timing correction for inter-slice differences in acquisition time, co-registration between the func-
tional volumes and T1 map for each subject, normalization of the functional volumes to the MNI template using the T1 co-registered
images, and smoothing the functional volumes with an 8 mm3 smoothing kernel. For motion correction, we implemented a two-pass
realignment procedure in SPM12. In the first pass, all functional volumes were realigned to the mean functional image. In the second
pass, the functional volumes were realigned to the first volume, which was subsequently used as a reference for co-registration with the
T1-weighted image. We calculated frame-wise displacement to identify volumes with excessive motion. These volumes were flagged
for scrubbing in the subsequent denoising step.

To register the functional images to the T1 images, we used a rigid-body transformation in SPM12, which estimated and applied a 6-
parameter (3 translations and 3 rotations) spatial transformation. The co-registration was visually inspected for each subject to ensure
accurate alignment between functional and anatomical images. If errors were identified, the registration process was repeated with
manual initialization. With regards to the motion cutoffs, the default setting of 0.9 mm was used in the motion correction process with
the CONN toolbox. Furthermore, Artifact Detection Tools (ART) were utilized to detect and eliminate any instances of motion or other
artifacts that could have influenced the data, which involved removing the initial few functional volumes as well. To control for motion
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Fig. 1. The 7 hipocampul cytoarchitectonic sub-regions on both hemispheres.
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in the group analyses, motion regressors, as well as all the confounders such as white matter and cerebrospinal fluid (CSF), were
included in the General Linear Model (GLM) model. This is a standard procedure recommended in the CONN toolbox for controlling for
motion and other sources of variance. Moreover, bandpass filtering with a default range of 0.008-0.09 Hz was applied to remove low-
frequency drifts and high-frequency noise from the data. The selection of this range was based on our study design and specific re-
quirements. Temporal processing was performed alongside data denoising to remove artefactual confounding effects from the BOLD
signal. The movement parameters and other confounding signals, including the flagged volumes for scrubbing, were added as re-
gressors of no interest during the statistical analysis.

2.4. Selection of the regions of interest

The hippocampal seeds included seven sub-regions on both cerebral hemispheres: CA1, CA2, CA3, dentate gyrus (DG), entorhinal
cortex (EC), hippocampus-amygdala-transition-area (HATA), and subiculum (sub) Fig. 1. These regions were detected using subcor-
tical atlases in an MNI space [31-33], based on the cytoarchitectonic probability anatomy map from ten post-mortem brains [31-33].
Furthermore, the specific brain areas of interest comprised significant aggregations of functional networks, delineated in CONN. These
networks encompassed the default mode, sensorimotor, visual, salience, dorsal attention, language, frontoparietal, and cerebellar
networks.

2.5. Statistical analysis

The statistical analysis was conducted in two stages. Firstly, at the subject level, connectivity matrices were computed for each
participant, focusing on regions of interest. This involved employing weighted general linear bivariate correlation models to calculate
the Fisher-transformed bivariate correlation coefficients between pairs of timeseries from the different regions. At the second level,
connectivity matrices were generated through group-level statistical analysis using ROI-ROI (region of interest to region of interest)
approach, with appropriate between- and within-group T-tests and/or F-tests, to compare and identify the targeted networks con-
nected to each of the hippocampal sub-regions. The gender of each subject was included as a covariate of interest in the second level
analysis. A corrected false discovery rate (FDR) (p < 0.05) (multivariate statistics parametric (MVPA) omnibus test) was used as a
standardized protocol for the results. By taking into account groups or networks of connected ROIs, functional network connectivity
multivariate parametric statistical inferences were utilized to generate cluster-level conclusions. The study is subsequently carried out
by examining the comprehensive range of functional connections between the ROIs, encompassing both intra- and inter-network
connectivity.

3. Results

This study explores the functional connectivity between the sub-regions of the hippocampus in both hemispheres with different
targeted brain networks. The results show that there are positive, negative, or missing connections between each of the hippocampal
sub-regions and the brain networks. Additionally, the study investigated how these functional connections of those sub-regions differ
in terms of gender differences. Fig. 2(a and b) illustrates the connectivity matrix of the sub-regions of the hippocampal for both left and
right hemispheres, as well as the selected functional brain networks for all subjects, regardless of gender. Fig. 3(a and b) and Fig. 4(a
and b) show the connectivity matrix of the sub-regions of the hippocampal for both left and right hemispheres, as well as the selected
functional brain networks for male and female groups, respectively. Detailed tables of each-sub-region with the specific t or p values as
well as the strength of the functional connectivity (effect sizes — beta) with several brain regions or networks are provided in the
supplementary materials of this paper.
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Fig. 2. (a, b) The connectivity matrix of the hippocampus sub-areas as well as the selected funcional brain networks for all subjects, regalrdeless of
gender differences, is shown. The result is showing the raw findings with thresholding using p < 0.05 (a) and without thresholding (b) for the
purpose of illustration.
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Fig. 3. (a, b) The connectivity matrix of the hippocampus areas as well as the selected funcional brain networks for the male subjects is shown. The
result is showing the raw findings with thresholding using p < 0.05 (a) and without thresholding (b) for the purpose of illustration.
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Fig. 4. (a, b) The connectivity matrix of the hippocampus areas as well as the selected funcional brain networks for the female subjects is shown.
The result is showing the raw findings with thresholding using p < 0.05 (a) and without thresholding (b) for the purpose of illustration.

3.1. Overadll similarities across the sub-regions of the hippocampus

Upon examining the findings for all subjects, focusing on similar functional connections, all sub-areas of the hippocampus in the left
and right hemispheres exhibit positive functional links with the default mode network, especially the medial prefrontal cortex (MPFC).
Positive functional connections were also found between the majority of the sub-regions and the regions comprising the visual
network, predominantly the occipital and medial networks. The study revealed the presence of negative functional connections be-
tween the majority of the sub-regions and the language network regions. Additionally, negative functional connections were observed
with the regions associated with the dorsal attention network, particularly the intraparietal sulcus (IPS). The results further demon-
strated that most of the sub-regions displayed negative functional connections with the regions related to the frontoparietal and
salience networks.

3.2. Overadll differences across the sub-regions of the hippocampus

When analyzing the results for all participants and exploring various functional connections, noticeable differences arise in the
interactions between different sub-regions of the hippocampus and the brain networks. Most of the sub-regions show either positive or
negative functional connections with the components of the language network, but HATA stands out as the only sub-region without
any connections to it. Additionally, variations exist between the sub-regions of the hippocampus and the regions associated with the
cerebellar network. Negative functional connections with the posterior cerebellum are exclusively found with the right CA1 and EC in
both hemispheres. The anterior cerebellum also shows negative functional connections with EC in both hemispheres. Positive func-
tional connections with the anterior cerebellum are solely found with the CA2, left CA3, right HATA, and SUB sub-regions.
Furthermore, positive functional connections with the posterior cerebellum are exclusively found in the CA2, left CA3, and HATA
sub-regions. Left CA1, right CA3, and DG are the only sub-regions lacking functional connections with the cerebellar network. The
study revealed that EC in both hemispheres is the sole sub-region exhibiting positive functional connections with the frontoparietal
network. Additionally, right EC is the only sub-region lacking connections with all regions comprising the salience network, while
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positive functional connections are exclusively present in left EC and right HATA. CA1, right CA3, and right DG are the only sub-
regions demonstrating positive functional connections with the left frontal eye fields (FEF) of the dorsal attention network. The re-
sults also indicate that most sub-regions of the hippocampus exhibit positive connections with the regions comprising the sensorimotor
network, and the only sub-regions lacking connections with it are the left CA2 and left CA3. Distinctions in functional connectivity to
the visual networks are also evident. Among the majority of sub-regions, there is a prevalence of positive connections with the areas
constituting the visual network. However, EC stands apart as the sole sub-region that shows a negative connection with the visual
network regions.

3.2.1. Similarities among the sub-regions of the hippocampus as a factor of gender

After analyzing the findings to explore functional connectivity similarities between male and female subjects while accounting for
gender as a covariate of interest, it becomes evident that CA1, CA2, CA3, DG, and SUB in both hemispheres display positive functional
connections with the regions of the default mode network, particularly the medial prefrontal cortex (MPFC). No functional connections
are observed between the left DG, right HATA, left EC, and the regions comprising the language network. The results also demonstrate
that the posterior cerebellar exhibits a positive functional connection with left CA2, right CA2, and left CA3. No functional connections
are found between the regions comprising the cerebellar network and right CA3, as well as right DG. CA1, CA2, CA3, DG, HATA, and
SUB in both hemispheres reveal negative functional connections with most of the regions comprising the frontoparietal network. Most
sub-regions in both hemispheres demonstrate negative or no functional connection with the regions comprising the salience and dorsal
attention network. CAl in both hemispheres, right EC, and left HATA exhibit a positive functional connection with some regions
comprising the sensorimotor network, while left CA2 and left DG lack any connections. Right CA1, left CA2, left CA3, left HATA, and
DG in both hemispheres possess positive functional connections with all regions comprising the visual network.

3.2.2. Differences among the sub-regions of the hippocampus as a factor of gender

Upon examining the outcomes to investigate functional connectivity differences among male and female subjects, considering
gender as a covariate of interest, the left and right EC sub-regions in males demonstrate positive functional connections with the medial
prefrontal cortex (MPFC) of the default mode network. In contrast, in females, EC in both hemispheres lack functional connections with
all regions comprising the default mode network. Furthermore, right CA2 and CA3 in both hemispheres of female subjects exhibit
positive functional connections with the posterior cingulate cortex (PCC), while in male subjects, those sub-regions lack any
connection with the PCC. Left CA2 in male subjects is the only sub-region exhibiting a positive functional connection with the inferior
posterior superior temporal gyrus (pSTG I) of the language network. Differences are also evident between the sub-regions and the
regions comprising the cerebellar network. For instance, the anterior cerebellum demonstrates positive connections with left CA1, left
CA2, left CA3, HATA, and SUB in both hemispheres of female subjects. In contrast, in the male group, positive functional connections
are solely observed with the right CA2 and left DG. The posterior cerebellum also demonstrates positive functional connections with
HATA sub-regions of the female group in both hemispheres, while in the male group, positive functional connections are present
between the posterior cerebellum and the left DG. The sole sub-region exhibiting a positive functional connection with the fronto-
parietal network is EC in the female group. The results also reveal that left EC sub-regions of males possess positive functional con-
nections with the anterior cingulate cortex (ACC) of the salience network, while the left EC in females lack any functional connections
with the ACC. Left SUB, left HATA, right DG, and CA1 in both hemispheres of female subjects exhibit positive functional connections
with the left frontal eye fields (FEF) of the dorsal attention network. In contrast, in males, the only sub-region possessing a positive
connection with FEF is the right CA1. The outcomes also demonstrate that right CA2 in females lacks functional connections with the
regions comprising the sensorimotor network, while in males, the right CA2 has a positive functional connection with the sensorimotor
network.

4. Discussion

In this study, a substantial number of subjects was utilized to examine the functional connectivity of the sub-regions of the hip-
pocampus with the major brain networks and to explore how this functional connectivity differs by gender, using rsfMRI. Specifically,
7 cytoarchitectonic sub-regions, including CA1, CA2, CA3, DG, EC, HATA, and SUB, were used as seeds of interest to investigate their
functional connectivity to well-defined functional brain networks, such as the default mode, visual, sensorimotor, salience, dorsal
attention, frontoparietal, cerebellar, and language networks.

4.1. Similarities and differences among the sub-regions of the hippocampus

The results showed that most hippocampus sub-regions were functionally connected to major brain networks, particularly the
default and visual networks. These findings confirm prior studies reporting the significant functional role of the hippocampus in
various visual and cognitive functions [36-41]. Given the heterogeneous nature of the hippocampus, which can be divided into several
sub-domains along the longitudinal axis with distinct connectivity profiles [42], it is plausible that seeds placed on default mode
network regions have specific connectivity patterns with certain hippocampal sub-fields. However, our study demonstrated that all
hippocampal sub-regions, not just distinct sub-fields, were positively functional connected with regions of the default mode network.
Although some previous functional connectivity studies reported distinct functional connectivity patterns of specific hippocampal
sub-fields with default mode network regions, their findings were inconsistent [17,42-44]. The discordant findings might be attributed
to the variable neuroimaging techniques and different ways of classifying hippocampus parts used among these studies. For example,
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some studies employed seed-based or independent component analysis for functional connectivity analysis, while others used different
parcellation schemes for dividing the hippocampus, such as those based on anatomical landmarks, functional connectivity patterns, or
cytoarchitectonic properties. These methodological differences can lead to variations in the observed connectivity patterns between
hippocampal sub-regions and default mode network regions. In our study, the hippocampus sub-regions were classified based on their
distinct cytoarchitectonic and chemical characteristics, suggesting that despite the presence of heterogeneous structural changes, the
functional connectivity to the default mode network is strongly connected to all of these sub-regions.

Although previous studies on functional connectivity have demonstrated the hippocampus’s direct involvement in visual activities
and sensorimotor tasks [36,45,46], none of these studies examined the connectivity of the hippocampus as sub-fields with these
networks. The present study shows the precise hippocampal sub-regions that participate in connectivity with the regions of visual as
well as sensorimotor networks. In line with the study by Ezama et al. study, the results showed a notable distinct connection between
the anterior segment of hippocampus (CA1, CA3, and DG sub-fields) and the anterior hippocampal network, a responsible network for
scene processing and sensory information discrimination [18]. The current findings also demonstrate a clear positive functional
connectivity between certain hippocampal sub-regions and the frontoparietal network. Specifically, the results indicate that only the
EC sub-region had a positive functional connection with the frontoparietal network. This is an interesting observation since both the
frontoparietal network and the EC sub-field of the hippocampus are implicated in memory retrieval, which is a crucial function of the
hippocampus [47-52].

Another interesting finding of this study is that some of the functional connections between the hippocampal sub-regions and the
remaining networks were heterogeneous and not consistently related to all sub-regions. This confirms the hippocampus’s complex sub-
structures with different cytoarchitectonic properties [18,53]. Additionally, the results demonstrate negative functional connectivity
with some functional brain networks, particularly the salience network, which is involved in various complex functions such as
awareness, saliency, social, and cognitive tasks [54,55]. The observation of negative functional connectivity or anticorrelated signals
in rsfMRI is a topic of ongoing debate and research in the field of functional brain imaging. Anticorrelations represent negative
correlations between the time courses of two brain regions or networks, suggesting that the activity in one region is suppressed or
decreased when the activity in the other region increases [56,57]. While the interpretation of these anticorrelated signals is chal-
lenging, several potential explanations have been proposed including neural origin, artifacts and mixed neural and non-neural con-
tributions [56-58]. While these findings are interesting and need further comprehensive analysis, it is beyond the aim of this study to
investigate mainly due to the complex characterization and understanding of the anticorrelation signals in rsfMRI.

4.2. Similarities and differences among the sub-regions of the hippocampus as a factor of gender

The second part of the aim of this study is to investigate how gender differences affect the functional connectivity between hip-
pocampal sub-regions and functional brain networks. Previous neuroimaging studies have reported sex differences in the volume of
hippocampal sub-regions, suggesting that these differences may reflect differences in functional connectivity with cerebral and
cerebellar networks between males and females [59,60].

While several studies have examined the influence of gender variations on the default mode network, the findings have been
inconsistent [7,61,62] Weissman-Fogel et al. investigated gender differences in the functional connectivity of the default mode
network using a sample of 49 healthy participants and reported no sex differences in the functional connectivity of the default mode
network. In contrast, Bluhm et al. found that females had higher functional connectivity in the medial prefrontal cortex and posterior
cingulate cortex of the default mode network, whereas males did not demonstrate such connectivity. Additionally, Biswal et al. found
that females had more functional connections in the medial prefrontal cortex of the default mode network. Furthermore, our findings
revealed that sub-regions in males exhibited higher functional connectivity with the medial prefrontal cortex, while sub-regions in
females demonstrated higher functional connectivity with the posterior cingulate cortex. In this study, the main sub-regions that
displayed gender-based differences in functional connectivity with the default mode network were the left CA2 (males only), right CA2
(females only), left EC (males only), and right CA3 (females only). These differences may be attributed to the differential effects of
gonadal steroids [63,64]. The observed gender differences in the functional connectivity of specific hippocampal sub-regions with the
default mode network could be influenced by the modulatory effects of gonadal steroids. For example, estrogens have been shown to
impact hippocampal structure and function, with a particular effect on synaptic plasticity and neurogenesis [65,66]. Testosterone, on
the other hand, has been reported to influence hippocampal volume and spatial memory performance [67]. These hormonal effects on
hippocampal sub-regions could lead to the observed gender differences in functional connectivity with the default mode network. It is
important to note that while gonadal steroids might contribute to the observed gender differences, other factors, such as genetic,
epigenetic, and environmental influences, could also play a role in shaping the functional connectivity of hippocampal sub-regions
with the default mode network. Further studies investigating the specific mechanisms underlying these gender differences,
including the role of gonadal steroids, would help elucidate the exact nature of these differences and their implications for brain
function and cognitive processes.

It is noteworthy that these differences appear to be dominant on one side of the two hemispheres, particularly the right hemisphere
in male subjects and the left hemisphere in female subjects. Our findings indicate strong positive functional connections between all of
the visual network regions and the hippocampal sub-fields CA1, CA2, CA3, as well as the hippocampal-amygdaloid transition area
(HATA). This could suggest that these specific hippocampal sub-regions play a crucial role in the processing and integration of visual
information, which is supported by previous studies highlighting the involvement of the hippocampus in various visual tasks, such as
scene processing and spatial navigation [68,69]. Moreover, our study demonstrated that these functional connections between the
hippocampal sub-fields and visual networks were stronger in female subjects compared to male subjects. This observation aligns with
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recent research that has identified gender differences in the functional connectivity of various brain regions, including the hippo-
campus, during tasks involving visual and emotional processing [70]. The stronger functional connections in female subjects may
contribute to the differences in cognitive and behavioral outcomes between males and females in tasks that rely on visual processing
and hippocampal function [23,71]. The identification of gender differences in the functional connectivity of hippocampal sub-regions
with visual networks could have significant implications for understanding the neural basis of cognitive and behavioral variations
between males and females. It also highlights the importance of considering gender as a factor in future research examining the
functional connectivity and neural mechanisms underlying various cognitive processes. Our study provides valuable insights into the
distinct functional roles of different hippocampal sub-fields in visual processing and reveals potential gender differences in the
functional connectivity between hippocampal sub-regions and visual networks. These findings contribute to a deeper understanding of
the complex interplay between hippocampal function and visual processing, paving the way for future investigations in this area.

The current data reveal that the EC sub-region of females is the only sub-region that positively connects with the frontoparietal
network. In contrast, male sub-regions show no functional connectivity with all regions defining this network. The frontoparietal
network is believed to play a role in a wide range of tasks by initiating and regulating cognitive control abilities [72]. It has been found
to participate in working memory and direct attention [73-75] Additionally, a previous study found that the hippocampus in females is
more activated than in males during working memory [76] These findings could explain why the EC sub-region of females’ hippo-
campus shows a positive functional connection with the frontoparietal network. The findings also show that female sub-regions have
more functional connectivity to the cerebellar network, which is recently recognized to be implicated not only in motor-associated
controlling functions but also in higher-order functions such as working memory, sensory, and cognitive behaviors [77-80]. These
results suggest that female sub-regions may have a higher role in working memory. This is in line with a study that investigated gender
differences in working memory [76]. One further observation worth mentioning is that male sub-regions show higher functional
connectivity with the sensorimotor network, which includes areas associated with speech function [81]. This confirms recent work
indicating that the hippocampus plays a role in speech production [82].

4.3. Strength, limitations, and future directions

In this study, we have significantly advanced our understanding of the functional connectivity patterns of hippocampal sub-regions
and their association with gender differences. One of the key strengths of our work is the relatively large sample size of 200 healthy
subjects, which ensures a higher statistical power and generalizability of our findings. Additionally, we have utilized advanced
neuroimaging techniques to investigate specific cytoarchitecturally distinct sub-regions of the hippocampus, rather than treating it as a
single homogenous region. This approach provides a more detailed and nuanced understanding of the diverse functional roles played
by different hippocampal sub-regions in various brain networks. Moreover, our study is among the first to explore the potential impact
of gender differences on the functional connectivity of these hippocampal sub-regions. By examining the connectivity patterns of the
sub-regions with eight major functional networks, we have identified clear similarities and differences between males and females,
particularly in the anterior portion of the hippocampus. This novel focus on gender differences contributes to a growing body of
research in neuroscience and has the potential to inform future studies on the neural basis of cognitive and behavioral variations
between males and females. These methodological and analytical advances provide a more comprehensive understanding of the
complex functional organization of the hippocampus and its implications for cognition and behavior.

The present study examined the functional connectivity patterns of seven sub-regions of the hippocampus in healthy individuals, as
well as gender differences in these patterns. Although our results demonstrated significant differences in functional connectivity
between these sub-regions and various functional brain networks, several limitations of our study should be considered. First, we only
used resting-state fMRI data and did not examine functional connectivity during specific tasks. This may have limited our compre-
hension of the functional roles of these hippocampal sub-regions during different cognitive processes. Furthermore, one of the possible
limitations of our study is the use of an a priori defined atlas for defining hippocampal sub-regions, rather than the more advanced and
widely used FreeSurfer tool. While our method has been previously validated and used in the literature [31-33,83-85], it may not be as
accurate as FreeSurfer. However, given the specific aims and scope of our study, we believe that our approach is suitable and
appropriate for our research questions.

Despite these limitations, our study provides valuable insights into the functional connectivity patterns of the hippocampal sub-
regions and gender differences in these patterns. Future studies could address these limitations by examining functional connectiv-
ity during task performance, and considering other sub-division methods of the hippocampus, such as functional connectivity-based
parcellation or morphometric segmentation. Furthermore, future research could investigate the role of the hippocampal sub-regions in
specific cognitive processes, such as episodic memory or spatial navigation, and how these processes may differ between males and
females. Overall, the findings of our study have important implications for understanding the functional heterogeneity of the hip-
pocampus and its role in gender-specific cognitive processes. Moreover, future studies could use more advanced tools, such as Free-
Surfer, to segment hippocampal sub-fields and compare the results with our findings. Additionally, it would be beneficial to investigate
the effects of different segmentation methods on the functional connectivity of hippocampal sub-regions. Further, it would be
interesting to examine the relationship between hippocampal sub-fields connectivity and cognitive or clinical outcomes, such as
memory performance or psychiatric disorders.

5. Conclusion

This study demonstrates the similarities and differences in functional connectivity among the seven sub-regions of the hippocampus
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with major functional brain networks. It highlights the significant role of each hippocampus sub-region in visual and default mode
functions. Moreover, it underscores the diverse implications of hippocampal sub-regions in other brain functions, suggesting that the
hippocampus is not only a complex heterogeneous structure but also exhibits distinct functional changes within its sub-regions. Future
studies should always consider investigating and accounting for these sub-fields of the hippocampus. Additionally, this study reveals
similarities and differences between genders in these sub-regions based on functional connectivity to major brain functional networks.
Specifically, the CA sub-fields and the EC exhibit distinct gender differences to the default mode and cerebellar network, indicating
that gender differences should be considered when examining the physiological functional changes of the hippocampus.
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